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Abstract 

As fragments of SARS-CoV-2 RNA can be quantified and measured temporally in wastewater, 

surveillance of concentrations of SARS-CoV-2 in wastewater has become a vital resource for tracking the 

spread of COVID-19 in and among communities. However, the absence of standardized methods has 

affected the interpretation of data for public health efforts. In particular, analyzing either the liquid or 

solid fraction has implications for the interpretation of how viral RNA is quantified. Characterizing how 

SARS-CoV-2 or its RNA fragments partition in wastewater is a central part of understanding fate and 

behaviour in wastewater. In this study, partitioning of SARS-CoV-2 was investigated by use of 

centrifugation with varied durations of spin and centrifugal force, polyethylene glycol (PEG) precipitation 

followed by centrifugation, and ultrafiltration of wastewater. Partitioning of the endogenous pepper mild 

mottled virus (PMMoV), used to normalize the SARS-CoV-2 signal for fecal load in trend analysis, was 

also examined. Additionally, two surrogates for coronavirus, human coronavirus 229E and murine 

hepatitis virus, were analyzed as process controls. Even though SARS-CoV-2 has an affinity for solids, 

the total RNA copies of SARS-CoV-2 per wastewater sample, after centrifugation (12,000 g, 1.5 h, no 

brake), were partitioned evenly between the liquid and solid fractions. Centrifugation at greater speeds for 

longer durations resulted in a shift in partitioning for all viruses toward the solid fraction except for 

PMMoV, which remained mostly in the liquid fraction. The surrogates more closely reflected the 

partitioning of SARS-CoV-2 under high centrifugation speed and duration while PMMoV did not. 

Interestingly, ultrafiltration devices were inconsistent in estimating RNA copies in wastewater, which can 

influence the interpretation of partitioning. Developing a better understanding of the fate of SARS-CoV-2 

in wastewater and creating a foundation of best practices is the key to supporting the current pandemic 

response and preparing for future potential infectious diseases. 

Keywords: COVID-19, SARS-CoV-2, wastewater-based surveillance, viral partitioning, PEG 

precipitation, ultrafiltration device 
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1. Introduction 

Wastewater-based surveillance (WBS) has emerged as an important tool in supporting Public Health 

Units (PHUs) during the COVID-19 pandemic (Hrudey et al., 2022). As people contract COVID-19, they 

shed fragments of RNA of the SARS-CoV-2 virus in their feces as well as other bodily fluids that can 

enter municipal wastewater sewer systems. These fragments of RNA can then be quantified over time to 

track status and trends as well as infer the relative numbers of persons infected with COVID-19 in a 

community (Manuel et al., 2022; Medema et al., 2020; Wurtzer et al., 2022). A key advantage of WBS is 

its broad-stroke approach to community-level surveillance, its inclusion of both symptomatic and 

asymptomatic individuals, and independence of clinical testing. It is not affected by socioeconomic 

factors that can influence access to clinical testing and bias results for various sub-populations (Safford et 

al., 2022; WHO, 2022). Furthermore, it can be adapted for congregate settings, such as long-term care 

homes, prisons, and schools as well as northern, remote, and isolated communities (Hrudey et al., 2022; 

Manuel et al., 2022; Respiratory Virus Infections Working Group, 2020). In Ontario, Canada, WBS has 

become especially important for PHUs since clinical testing eligibility was restricted at the end of 2021, 

which was coincident with emergence of the Omicron variant of SARS-CoV-2. 

Despite the expansion of WBS during the COVID-19 pandemic, there has not yet been a 

standardization of methods used to measure RNA of SARS-CoV-2 in wastewater. Many approaches, of 

variable effectiveness, have been used for isolation and concentration of RNA of SARS-CoV-2 from 

wastewater. Some of these methods include direct capture of the solids following centrifugation or 

ultracentrifugation, ultrafiltration, electronegative membrane adsorption, and PEG precipitation (La Rosa 

et al., 2020). In principle, all of these methods are designed to achieve the same goal, which is to isolate 

and concentrate viral RNA from a wastewater sample. However, because they are fundamentally different 

in their approaches, they do not necessarily provide equivalent estimates of amounts of SARS-CoV-2 

RNA in wastewater (Chik et al., 2021; Pecson et al., 2021). Methods based on ultrafiltration usually 

concentrate virus using a membrane of a selected pore size, which is usually after centrifugation or 
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filtration, to remove the larger particles that would tend to occlude the pores and limit the effectiveness of 

accurate ultrafiltration of RNA. Methods based on centrifugal force are sometimes combined with 

chemicals, such as polyethylene glycol (PEG) and NaCl, to facilitate aggregation/precipitations of viral 

RNA to form a pellet. While some practitioners use whole influent, typically, selected methods ignore the 

virus that exists in one of the phases. 

The partitioning behaviour of viruses in wastewater is not well understood. Methods for concentrating 

SARS-CoV-2 from wastewater have targeted the solid fraction (e.g., pelleted solids post centrifugation), 

the liquid fraction (e.g., concentrate from ultrafiltration), or both the liquid and solid fraction together 

(e.g., PEG precipitation with or without centrifugation) (Chik et al., 2021; Pecson et al., 2021). Both 

liquid-based (Medema et al., 2020; Wu et al., 2020) and solid-based (D’Aoust et al., 2021; Kitamura et 

al., 2021) methods have been useful for quantifying SARS-CoV-2 RNA in wastewater. However, 

recently, there has been a strong emphasis for methods based on solids (Chik et al., 2021; D’Aoust et al., 

2021; Graham et al., 2021; Kim et al., 2022; Kitamura et al., 2021). While it is clear that SARS-CoV-2 or 

its RNA is associated with the solids fraction (Kim et al., 2022), the fact that ultrafiltration methods can 

also be used to quantitate and track trends of the SARS-CoV-2 signal suggests that a large portion 

remains in the liquid fraction. With that said, the survivability of SARS-CoV-2 and its RNA in different 

water matrices might be affected by the presence of organic matter, which can cause the viruses to be 

encapsulated within or adsorb onto the organic particles (Gundy et al., 2008; Paul et al., 2021; Wellings et 

al., 1976). In turn, this might also make the viral material less vulnerable to disinfectants and other 

antiviral agents (Paul et al., 2021). The viral material that is associated with the organic matter can be 

targeted by settling out these particles (Gundy et al., 2008). The apparent partitioning of the SARS-CoV-2 

virus or its RNA is likely affected by the presence and characteristics of organic matter in wastewater and 

the methods applied, which may affect interpretations of surveillance data. 

Due to limitations of working directly with SARS-CoV-2, a surrogate can be used that has a similar 

partitioning behaviour to the target virus in wastewater and estimate recovery and monitor the 
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performance of the method. Human coronavirus 229E (229E) and murine hepatitis virus (MHV), which 

are closely related to SARS-CoV-2 in the Coronaviridae family (International Committee on Taxonomy 

of Viruses, 2021), have been used as surrogates for SARS-CoV-2 (Ahmed et al., 2020; Graham et al., 

2021; Islam et al., 2022; Mondal et al., 2021). Due to their morphological similarities, including presence 

of an enveloped membrane, positive-strand RNA, and spherical shape with spike proteins (Artika et al., 

2020), these viruses are expected to behave similarly in wastewater. The pepper mild mottled virus 

(PMMoV) is an enteric virus that is ubiquitous in wastewater (Kitajima et al., 2018) that has been 

commonly used to normalize SARS-CoV-2 surveillance data for fecal load in wastewater (Aguiar-

Oliveira et al., 2020; Chik et al., 2021; D’Aoust et al., 2021; Wu et al., 2020). In some cases, normalizing 

against PMMoV has improved the SARS-CoV-2 trends over time (D’Aoust et al., 2021) but in most 

cases, it did not improve or even worsen correlations between the SARS-CoV-2 signal and clinical cases 

of COVD-19 (Ai et al., 2021; Dhiyebi et al., 2023b; Feng et al., 2021). Thus, understanding the 

partitioning behaviour of PMMoV compared to SARS-CoV-2 and other surrogates is also integral to the 

interpretation of surveillance data. 

The goal of this study was to understand the partitioning behaviour of SARS-CoV-2, PMMoV and 

potential surrogates (229E, MHV) in wastewater so that methods can be improved and inform the 

interpretation of wastewater surveillance data. To examine viral partitioning, the RNA of these viruses in 

wastewater was concentrated through a series of experiments that target the separation of the liquid and 

solid fractions of wastewater (e.g., ultrafiltration, centrifugation, PEG precipitation). Using wastewater 

samples obtained in real-time during the COVID-19 pandemic from three sites in Ontario, Canada, the 

partitioning of SARS-CoV-2 (N1 and N2), PMMoV, and two seeded surrogates (229E, MHV) were 

compared under different conditions that tested low- and high-force centrifugation, PEG precipitation 

followed by centrifugation, and ultrafiltration devices. By employing this approach, viral partitioning was 

directly compared and how it was affected by the concentration methods used. 

2. Materials and Methods 
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2.1. Collection of Wastewater 

Raw wastewater influent was collected in pre-cleaned 250 mL HDPE bottles (Systems Plus, Baden, 

ON, Canada) from the Clarkson (Region of Peel), GE Booth (Region of Peel), and Kitchener (Region of 

Waterloo) wastewater treatment plants (WWTP) located in southern Ontario, Canada (general 

characteristics of the WWTPs are described in Table S1). Samples were then shipped to the Servos Lab at 

the University of Waterloo on the same day where the sample bottles were wiped with 10% (v/v) bleach, 

rinsed with 70% (v/v) ethanol, and exposed to ultraviolet light for 30 min to disinfect the exterior of the 

bottles. Samples were kept in a fridge at 4°C with experiments commencing within 1-10 days (3 days 

median timeframe) following collection (Table 1; visualized timeline of experiments available in the 

supplemental information, Figure S1). Site selection and pooling of wastewater were based on influent 

availability and where the SARS-CoV-2 RNA amount in wastewater was suspected to be high enough to 

be quantified by the concentration methods. 

2.2. Concentration of Viral RNA 

The surrogates, 229E and MHV, were seeded into the raw wastewater prior to the concentration step. 

The virus 229E was propagated on MRC-5 (ATCC CCL-171) cells (Cedarlane, Burlington, ON, Canada) 

and MHV (strain A59) was propagated on NCTC clone 1469 cells (derivative of NCTC 721, ATCC 

CCL-9.1) (Cedarlane) with additional details on cell culturing available in the supplemental information. 

Once harvested, both 229E and MHV were thawed from -80°C on ice, heat-inactivated for 60 min at 

65°C, diluted 100-fold in qPCR water, and then placed back into a -80°C freezer until ready to be seeded 

into wastewater samples. As a measure to reduce variability, viral stocks of 229E and MHV were kept 

consistent throughout the study. 

Pooled wastewater from the 250 mL collection bottles was aliquoted (40 mL) into 50 mL conical 

tubes and seeded with an estimate of 4.83-6.12 log10 copies of 229E virus and 4.57-5.33 log10 copies of 

MHV virus (Table S2) and incubated for 10 min on ice. Following the incubation, wastewater samples 
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were randomly selected for the experiments under different conditions described below at the 

concentration step (Figure 1). 

2.2.1. Apparent Partitioning of Viral RNA 

The viral partitioning of RNA of SARS-CoV-2, PMMoV, 229E, and MHV in wastewater was 

conducted using an approach based on centrifugation to separate wastewater into the supernatant (i.e., 

liquid) and pellet (i.e., solid) phases. The 40 mL wastewater aliquots were split randomly into three 

treatment groups to compare viral concentration methods (i.e., liquid- vs solid-based) and centrifugal 

force (Figure 2). The first set of tubes were centrifuged at 4,000 g for 10 min with a brake (Condition A) 

with the supernatant and pellets quantified as described below. The second set was centrifuged at 12,000 

g for 1.5 h with no brake (Condition B) with the supernatant and pellets quantified. The final set of tubes 

underwent PEG precipitation (Condition C) followed by centrifugation at 12,000 g for 1.5 h without a 

brake and pellets (i.e., solids + liquid) quantified. Condition A (4,000 g, 10 min, with brake) was based on 

methods reported in the literature for SARS-CoV-2 RNA wastewater analyses tailored for liquid-based 

(supernatant/ultrafiltration) protocols (Ahmed et al., 2020; Chik et al., 2021; Torii et al., 2021) with the 

objective to quickly separate liquid and solid phases. Condition B was selected to have the same 

centrifugation force and time as the routine PEG precipitation protocol (Condition C) used for wastewater 

surveillance by the Servos Lab (Dhiyebi et al., 2023a), which was partially adapted from Wu et al. (2020). 

Modifications to the PEG precipitation protocol by Wu et al. (2020) include the use of non-filtered 

wastewater and an overnight incubation step before centrifugation at 12,000 g as further described below. 

Moreover, centrifugation without a brake for Conditions B and Condition C was applied to improve pellet 

solidification. 

Following incubation of the surrogate, supernatant and pellet treatments under Conditions A and 

Condition B proceeded to centrifugation on the same day under their respective conditions. After 

centrifugation, the resulting supernatant was processed with a 10 kDa molecular weight cutoff (MWCO) 

ultrafiltration device. Four replicates of the experiments were conducted using different ultrafiltration 
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devices (partly based on availability during the pandemic) to process the supernatant fractions. 

Experiments VP 1-1 (Apr. 2021) and VP 1-2 (May 2021) were conducted with an Amicon Ultra-4 device 

(MilliporeSigma, Oakville, ON, Canada), VP 2 (Sep. 2021) was conducted with the Amicon Ultra-15 

device (MilliporeSigma), and finally, VP 3 (Jan. 2022) was conducted using the Centricon Plus-70 device 

(MilliporeSigma). 

For each experiment, all manufacturer guidelines for the ultrafiltration devices were followed to 

concentrate the supernatant. Briefly, the supernatant was loaded into the ultrafiltration device, centrifuged 

at 4,000 g for the Amicon Ultra-4 (4 mL processed) and Amicon Ultra-15 (15 mL processed) devices and 

3,500 g for the Centricon Plus-70 device (40 mL processed). A maximum of 250 µL of resulting 

concentrate was used for extraction of viral RNA (as described below). Viral RNA of SARS-CoV-2 in the 

supernatant fractions for Condition A and Condition B during VP 2 were below the dynamic range of the 

standard curve (1,000 to 1.6 copies/5 µL template). Therefore, only the pellet fraction and PEG 

precipitation/centrifugation data were included in the comparisons. Once the supernatant was transferred 

to the ultrafiltration device, any remaining volume of the supernatant was removed and discarded – 

without disturbing the pellet on the bottom – and the pellet samples were centrifuged again for another 5 

min (no brake) to solidify the pellet. The remaining supernatant after centrifugation was removed using a 

pipette and the pellet was weighed to three decimal places. If, due to pellet sluffing, additional 

centrifugation was required, samples were centrifuged again for 5 min with a moderate brake. A 

maximum mass (wet weight) of 0.250 g of the pellet was taken for viral RNA extraction without further 

treatment. Obtained pellets had a mean mass (wet weight) of 0.146 (± 0.045 SD) g. 

For PEG precipitation/centrifugation, following surrogate incubation, the 40 mL sample aliquots were 

transferred to a second set of 50 mL conical tubes containing 4 g (± 5%) PEG 8000 and 0.9 g (± 5%) 

NaCl (Fisher Scientific, Mississauga, ON, Canada). Next, they were vortexed at 2,000 rpm for 30 sec 

(Digital Vortex Mixer, Fisher Scientific), and then placed on an Advanced 3500 Orbital Shaker (VWR, 

Mississauga, ON, Canada) for 2 h at 150 rpm inside a 4°C fridge and incubated overnight (15-18 h). After 
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overnight incubation, samples were centrifuged at 12,000 g for 1.5 h without a brake. The supernatant 

was removed and discarded without disturbing the pellet on the bottom, and samples were re-centrifuged 

for 5 min at 12,000 g without a brake. Following the removal of any remaining supernatant with a pipette, 

a maximum mass (wet weight) of 0.250 g of the pellet was taken for viral RNA extraction. Obtained 

pellets had a mean mass (wet weight) of 0.169 (± 0.021 SD) g. 

2.2.2. Comparison of Ultrafiltration Devices 

The ultrafiltration devices (Amicon Ultra-4, Amicon Ultra-15, and Centricon Plus-70) were compared 

in a head-to-head experiment (Figure 3). Wastewater (40 mL) was randomly aliquoted across 50 mL 

conical tubes and centrifuged using 12,000 g for 1.5 h without a brake to form the supernatant and pellets. 

While the focus was to compare the ultrafiltration devices used to concentrate viral RNA from the 

supernatant, the pellets were also processed for extraction of RNA (Figure S2). This experiment was 

replicated twice in January 2022. Both the Amicon Ultra-4 device (4 mL processed) and Ultra-15 device 

(15 mL processed) used the same wastewater sample tube for the liquid fraction determination. For the 

Centricon Plus-70 devices, all 40 mL of the supernatant was pipetted from a sample tube and loaded into 

the ultrafiltration device. All manufacturer guidelines were followed to concentrate the supernatant and a 

maximum of 250 µL of the concentrate was taken for viral RNA extraction. 

2.3. Extraction of Viral RNA 

Viral RNA was extracted from both pellet and supernatant concentrates following manufacturer 

instructions using the RNeasy PowerMicrobiome Kit (Qiagen, Germantown, MD, USA) on a QIAcube 

Connect instrument (Qiagen) and eluted to 100 µL in Rnase-free water. A modification of the protocol 

was applied to the PM1 buffer and 2-mercaptoethanol addition step by adding 100 µL of TRIzol (Fisher 

Scientific) to promote cell lysis before bead-beating the sample. For both replicates of VP 1, a Vortex-

Genie 2 (Scientific Industries, Bohemia, New York, USA) was used for 10 min at maximum speed (3,000 

rpm) to bead-beat the samples. For VP 2, VP 3, DC 1-1, and DC 1-2, a Bead Mill 24 Homogenizer 
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(Fisher Scientific) was used for 5 min at 3.55 m/s to bead-beat the samples. Preliminary testing indicated 

that both protocols yielded comparable viral RNA for all gene targets. 

2.4. RT-qPCR 

RNA extracts were quantified in triplicate by reverse transcription qPCR (qPCR) for two regions of 

the nucleocapsid (N) gene for endogenous SARS-CoV-2 (CDC (2020) N1 and N2) using TaqPath™ 1-

Step RT-qPCR Master Mix, CG (Life Technologies, Thermo Scientific, Burlington, ON, Canada) on the 

CFX96 Touch or CFX Opus Real-Time PCR systems (Bio-Rad Laboratories, Hercules, CA, USA). 

Additionally, a region of the coat protein gene for endogenous PMMoV (Zhang et al., 2006), a region of 

the membrane protein gene for exogenous (seeded) 229E (Vijgen et al., 2005), and a region of the N gene 

for exogenous (seeded) MHV (Raaben et al., 2007) was quantified using the same master mix and qPCR 

instrument (see supplemental information for primer and probe sequences (MilliporeSigma) that are 

presented in Table S3 and cycling conditions in Table S4). SARS-CoV-2 RNA was quantified with an 

RNA Exact Diagnostics (EDX) SARS-CoV-2 standard (Bio-Rad Laboratories) whereas all other targets 

were quantified using a dsDNA gBlock standard (Integrated DNA Technologies, Coralville, IA, USA) 

(Table S5) with all standards verified by dPCR (QIAcuity, Qiagen, Hilden, Germany). All plates were 

processed with triplicates of positive controls (a standard with a known RNA concentration), non-

template controls (all PCR reagents without a template), non-reverse transcriptase controls (all PCR 

reagents without reverse transcriptase), and standard curves with an efficiency range of 90-110%. All 

plates passed these quality assurance and quality control measures before commencing data analysis. Both 

N-gene targets and PMMoV were quantified using a simplex assay. The N-gene assay was performed in a 

20 µL reaction with 5 µL of RNA template and the PMMoV assay was performed in a 10 µL reaction 

with 2.5 µL of RNA template. The surrogates 229E and MHV were quantified in a duplex assay 

performed in a 10 µL reaction with 2.5 µL of RNA template. 

Finally, inhibition of reverse transcriptase and DNA polymerase was assessed with a master mix seeded 

with bacteriophage MS2 RNA (MilliporeSigma) and zebrafish (Danio rerio) DNA, respectively (gBlock, 
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IDT). Sample extracts were plated in duplicate and assessed for a one Cq shift compared to the positive 

control (sample replaced with Rnase-free water) to indicate qPCR inhibition (Cao et al., 2012; Swango et 

al., 2006). With this method, there was no indication of qPCR inhibition for the samples. 

2.5. Data Analysis 

An eight-point standard curve was used to quantify the samples for N1 and N2 whereas PMMoV, 

229E, and MHV used a six-point standard curve. The supernatant (Equation 1) and pellet (Equation 2) 

fractions were then corrected for the elution volume and wastewater sample volume, as well as for pellet 

and liquid sub-sampling as applicable: 
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where ―cp‖ is the RNA copies as determined by the standard curve; ―well‖ is the reaction well on the 

qPCR plate; ―template vol‖ is the amount of template plated; ―elution vol‖ is the volume that the 

PowerMicrobiome Kit eluted to in Rnase-free water; ―total vol‖ is the total volume of the wastewater 

sample; ―ultrafiltration vol‖ is the volume of supernatant loaded in the ultrafiltration device; ―total conc 

vol‖ is the total volume of the concentrate post centrifugation using the ultrafiltration device; ―extracted 

conc vol‖ is the amount of the concentrate that was sub-sampled into the PowerMicrobiome Kit as 

applicable; ―total pellet mass‖ is the total mass of the pellet following initial centrifugation to form the 

pellet; and ―extracted pellet mass‖ is the amount of the pellet that was sub-sampled into the 

PowerMicrobiome Kit as applicable. By dividing one fraction – the supernatant or the pellet – by the sum 

of both fractions (Equation 3), an estimate of the percent of viral RNA in each fraction can be calculated: 

                           
                        

                                                    
     (3) 
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A one-way ANOVA was used to test if the concentration methods yielded the same log-transformed 

copies per 40 mL of wastewater across centrifugal conditions. In addition, a one-way ANOVA was also 

conducted to test for the disparity between ultrafiltration methods once corrected to log-transformed 

copies per 40 mL of wastewater. Following a significant ANOVA test, pairwise comparisons were made 

using Tukey’s post-hoc test. All assumptions were reviewed including the assumption of normality 

(Shapiro-Wilk test and Q-Q plot) as well as the assumption of homoscedasticity (Levene’s test). Finally, 

all statistical tests implemented a p-value threshold of 0.05 and were conducted using R version 4.0.5 (R 

Core Team, 2021). 

3. Results 

3.1. Apparent Partitioning of Viral RNA 

Copies of RNA of SARS-CoV-2 (N1 and N2), PMMoV, 229E, and MHV were compared under 

various methods of concentration, including 4,000 g for 10 min with a brake (Condition A), and 12,000 g 

for 1.5 h for without a brake (Condition B), and PEG precipitation followed by centrifugation at 12,000 g 

for 1.5 h without a brake (Condition C) to examine the partitioning of these viruses. Between treatments 

for all targets, copies of RNA showed significant differences for the one-way ANOVA (p < 0.017; full 

results are available in the supplemental information, Table S6). Furthermore, there was a high degree of 

reproducibility in the observed partitioning patterns for each of the targets. 

The pattern of partitioning of N1 and N2 RNA gene targets was similar within each of the 

experimental conditions (VP 1 to VP 3, Figure 4-6). Comparison of RNA copies of both N-gene targets 

between supernatant and pellets under the centrifugal condition of Condition A in VP 1-1 (Figure 4) and 

VP 3 (Figure 6) was significantly different (Tukey pairwise differences; p < 0.002) but VP 1-2 (Figure 4) 

was not (p > 0.127). Furthermore, 59-83% of the N-gene RNA signal was captured by the supernatant 

fraction when using Condition A. When comparing the number of copies of RNA in the supernatant 

relative to that in the pellet under Condition B, VP 1-1, VP 1-2, and VP 3 were not significantly different 
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(p > 0.810). For these experiments, the distribution of RNA between fractions ranged from 45-55%. The 

comparison of RNA copies of N1 and N2 between Condition A and Condition B for the same fraction 

generally saw non-significant Tukey differences except for three out of the 14 potential comparisons: N1 

in VP 1-1 (supernatant under Condition A to supernatant under Condition B, p = 0.023); N2 in VP 1-1 

(supernatant under Condition A to supernatant under Condition B, p < 0.001; and pellet under Condition 

A to pellet under Condition B, p = 0.043). 

When the copies of N1 and N2 RNA were measured in the pellet fraction using Condition B and were 

compared directly to the pellet obtained after PEG precipitation followed by centrifugation at 12,000 g for 

1.5 h without a brake (Condition C), the PEG precipitation treatment was on average 3.10 ± 1.12 SD fold 

greater among four partitioning experiments (Figure S3-S5). More specifically, the target N1 was 

consistently greater by a mean factor of 3.90 ± 1.08 SD whereas N2 was consistently greater by a mean 

factor of 2.31 ± 0.67 SD by use of PEG precipitation followed by centrifugation compared to 

centrifugation alone under Condition B. When concentrations of SARS-CoV-2 RNA were least during 

VP 2, copies of N1 RNA for PEG precipitation/centrifugation (Condition C) were 3.37-fold greater than 

the pellet from Condition B. Similarly, the copies of N2 RNA for PEG precipitation/centrifugation 

(Condition C) were 2.19-fold greater than the pellet from Condition B. 

The partitioning patterns of RNA copies for PMMoV were highly reproducible in this study except in 

VP 2. In VP 1-1, VP 1-2 (Figure 4) and VP 3 (Figure 6), the RNA copies of PMMoV for the supernatant 

treatments between Condition A and Condition B had non-significant Tukey pairwise comparisons (0.075 

< p < 0.985). For the RNA copies of PMMoV for the pellet treatments between Condition A and 

Condition B, there were also non-significant Tukey differences (0.060 < p < 0.220). The RNA copies 

measured in the supernatant for PMMoV ranged from 65-91% of the total signal in the sample across all 

experiments. However, of this range, the percent of RNA copies of PMMoV in the supernatant during VP 

2 was lowest for both Condition A and Condition B at 76% and 65%, respectively. Together, these two 
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lower measurements during VP 2 added to the variability of PMMoV RNA measured in the supernatant. 

Otherwise, >78% of PMMoV RNA was measured in the supernatant when excluding VP 2. 

Overnight PEG precipitation followed by centrifugation at 12,000 g for 1.5 h without a brake 

(Condition C) had a greater number of copies of PMMoV RNA than the pellets without PEG precipitation 

but less than the number of copies of RNA that were in the supernatant that was measured by 

ultrafiltration devices from either Condition A or Condition B (Figure 4-6). However, in VP 2 (Figure 5) 

RNA copies of PMMoV in the supernatant fractions under Condition A and Condition B were not 

significantly different than the PEG precipitation treatment (p > 0.565), which was different from VP 1-1, 

VP 1-2, and VP 3. Finally, the number of copies of RNA collected by use of PEG precipitation followed 

by centrifugation (Condition C) were on average 1.97-fold ± 0.24 SD greater than the pellet treatment 

under the same centrifuge conditions of 12,000 g for 1.5 h without a brake (Figure S3-S5) among the 

three experiments. 

In general, patterns of partitioning of RNA of the surrogates 229E and MHV were similar among all 

partitioning conditions. However, there was variability with what centrifugal conditions were determined 

to be significantly different. For VP 1-1, VP 1-2 (Figure 4), and VP 3 (Figure 6), the copies of RNA of 

the surrogates centrifuged under Condition A were enriched in the supernatant fraction. For 229E, copies 

of RNA in the supernatant ranged from 81-97% and for MHV, copies of RNA in the supernatant fraction 

ranged from 61-92%. The Tukey pairwise comparisons between the supernatant and pellet treatments 

were significant for VP 1-1, VP 1-2, and VP 3 (p < 0.009). In VP 2 (Figure 5), the RNA copies in the 

supernatant treatment were less than the RNA copies in the pellet treatment for both 229E (p < 0.001) and 

MHV (p < 0.001) and only comprised 25% and 15% of the total amount of RNA, respectively. 

Precipitation by use of PEG followed by centrifugation at 12,000 g for 1.5 h without a brake 

(Condition C) had greater RNA copies of 229E and MHV than the pellet treatment under Condition B. 

There was an average factor of 1.44 ± 0.27 more RNA copies of 229E with PEG precipitation than the 

pellets processed without PEG precipitation under the shared centrifugal condition (Figure S3-S5). 
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Similarly, for RNA copies of MHV, there was an observed increase by a factor of 1.42 ± 0.35 when PEG 

precipitation was used (Condition C) than the pellet treatment under Condition B. Despite these average 

increases, only VP 1-1 (Figure 4) showed significant Tukey differences for the RNA copies between the 

pellet treatment under Condition B and PEG precipitation followed by centrifugation (Condition C) for 

both 229E (p = 0.039) and MHV (p = 0.010). Here, the observed increase by PEG precipitation followed 

by centrifugation (Condition C) was 1.73-fold and 1.68-fold, respectively. 

3.2. Comparisons of Ultrafiltration Devices 

Numbers of copies of RNA of N1, N2, PMMoV, 229E and MHV, were compared using the Amicon 

Ultra-4, Amicon Ultra-15, and Centricon Plus-70 devices. Generally, there was good reproducibility 

between the ultrafiltration devices (Figure 7). The comparison of RNA copies between treatments 

(ultrafiltration devices) for all targets showed significant differences for the one-way ANOVA test (p < 

0.001; full results are available in the supplemental information, Table S7). There was a consistent 

observation across all targets that the Amicon Ultra-15 device had the lowest RNA copies, and the 

Centricon Plus-70 device had the greatest number of copies of RNA. The three ultrafiltration devices 

selected for this study suggest excellent reproducibility but did not provide equivalent estimates (Figure 

7). For all targets, the Amicon Ultra-4 device and the Centricon Plus-70 device quantified copies of RNA 

similarly, but the Centricon Plus-70 had marginally better performance. This pattern was observed in both 

experiments of the ultrafiltration device comparisons (Figure 7). 

The Amicon Ultra-15 and Centricon Plus-70 devices had similar RNA copies of N1 and N2 during 

both ultrafiltration device comparison experiments; DC 1-1 and DC 1-2 (Figure 7). The number of copies 

of RNA of N2 in DC 1-1 was the only comparison of the N-gene targets to have a non-significant 

pairwise comparison (p = 0.450) between the Amicon Ultra-4 and the Centricon Plus-70 devices. 

Accordingly, the RNA copies of N2 in DC 1-2 and N1 in both DC 1-1 and DC 1-2 were significantly 

different (p < 0.033). The difference between the mean number of copies of RNA for the Amicon Ultra-4 

and Centricon Plus-70 devices of N1 in DC 1-1 was 0.20 log RNA copies (p = 0.033) versus 0.14 log 
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RNA copies of N2 (p = 0.450). In DC 1-2, the log difference between means was 0.49 copies (p < 0.001) 

and 0.27 copies (p = 0.014) of N1 and N2, respectively. The Amicon Ultra-15 device had lesser measured 

concentrations of both N-gene comparisons (p < 0.002) compared to either the Amicon Ultra-4 or the 

Centricon Plus-70 devices. 

Copies of PMMoV RNA had the same pattern for both replicates of the ultrafiltration device 

comparison; DC 1-1 and DC 1-2 (Figure 7). First, copies of PMMoV RNA for the Amicon Ultra-4 and 

Centricon Plus-70 devices were not significantly different (Tukey’s post-hoc test; p = 0.265) for DC 1-1 

and DC 1-2 (p = 0.620). Additionally, copies of PMMoV RNA for the Amicon Ultra-15 device were 

significantly different for Tukey’s post-hoc comparison than both the Amicon Ultra-4 and Centricon Plus-

70 devices (p < 0.001) for both replicates (DC 1-1 and DC 1-2). Overall, copies of PMMoV RNA 

measured by the three ultrafiltration devices were reproducible between DC 1-1 and DC 1-2. Moreover, 

the Amicon Ultra-15 device consistently had fewer copies of RNA of PMMoV compared to the Amicon 

Ultra-4 and Centricon Plus-70 devices. 

Patterns of partitioning of RNA copies of the surrogates 229E and MHV were consistent with results 

observed for N1, N2, and PMMoV (Figure 7). Tukey’s pairwise comparisons for 229E were significantly 

different for all combinations of ultrafiltration devices in DC 1-1 and DC 1-2 (p < 0.024). Copies of RNA 

of 229E for the Amicon Ultra-4 device were closer to the Centricon Plus-70 device in DC 1-1 (p = 0.016) 

and DC 1-2 (p = 0.024) than it was against its Amicon Ultra-15 device counterpart (p < 0.001) for both 

replicates (DC 1-1 and DC 1-2). The comparison for the RNA copies of MHV for the Amicon Ultra-4 and 

Centricon Plus-70 devices was similar between DC 1-1 and DC 1-2. In DC 1-1, the comparison was not 

significantly different (p = 0.054) but in DC 1-2 it was (p = 0.050). Similar to 229E and the other targets 

(N1, N2, PMMoV), the Amicon Ultra-15 device gave consistently lesser concentrations of MHV than 

both the Amicon Ultra-4 and Centricon Plus-70 devices in both replicates of the ultrafiltration device 

comparison (p < 0.001). 

4. Discussion 
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4.1. Apparent Partitioning of Viral RNA 

Understanding the apparent partitioning of viruses in wastewater is important to ensure a more 

informed interpretation of SARS-CoV-2 trends in wastewater. Since N1 and N2 are sequences on the N-

gene, it is expected that they would provide equivalent results among varied centrifugal conditions. Like 

this study, Kim et al. (2022) noted that amounts of N1 and N2 were correlated in both the liquid and solid 

fractions of wastewater. For the surrogates, copies of RNA of 229E and MHV were also evenly 

distributed under Condition B (12,000 g, 1.5 h, without brake). However, unlike SARS-CoV-2, copies of 

RNA of 229E and MHV tended to partition further to the supernatant fraction under Condition A (4,000 

g, 10 min, with brake), which indicated that under this condition, the surrogates behaved differently. This 

observation has also been observed by others (Chik et al., 2021; Hasing et al., 2021). Since the surrogates 

are seeded into the wastewater sample, it is possible they will not associate with the solids as readily as 

exogenous SARS-CoV-2 given that SARS-CoV-2 is predominantly transported into wastewater through 

excreted feces (Chik et al., 2021; Hasing et al., 2021). However, the methods described here separate the 

liquid and solid phases differently, using centrifugation (3,000-12,000 g), filtration (22 µm or 45 µm), 

gravitational settling, or a combination of these techniques. Accordingly, these methods might then have 

inherent differences in the way they determine apparent partitioning as described by this study. Moreover, 

as surrogates handling can vary, either through inactivation or spike duration, these may affect the 

partitioning of the surrogates (Chik et al., 2021; Sinclair et al., 2012). 

Contrary to SARS-CoV-2 (i.e., N1 and N2), PMMoV had a different pattern among partitioning 

conditions. The centrifugal condition had a minimal or no effect on recoveries of PMMoV in each phase. 

Regardless of conditions, RNA copies of PMMoV remained primarily in the supernatant fraction (65-

91%). Since PMMoV is ubiquitous in wastewater (Kitajima et al., 2018), it has been widely used to 

normalize the SARS-CoV-2 signal to improve trends over time by accounting for the apparent variability 

in fecal content among samples of wastewater (D’Aoust et al., 2021; Wu et al., 2020). However, the 

apparent differences in partitioning of PMMoV and SARS-CoV-2 do raise further questions about its 
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application as an endogenous reference to normalize SARS-CoV-2. It has also been shown that PMMoV 

RNA can persist in wastewater longer than SARS-CoV-2 RNA at varying temperatures (4, 12, or 20°C) 

with this observation exacerbated in the liquid (solids removed) fraction (Burnet et al., 2023). Therefore, 

it is possible that under some conditions, normalizing the SARS-CoV-2 wastewater signal with PMMoV 

might result in greater variability (Burnet et al., 2023). Moreover, the differences in the apparent 

partitioning of PMMoV in the liquid fraction compared to SARS-CoV-2 might also resulted in additional 

variability as the fate of the two viruses might differ. 

The observation that the addition of overnight PEG precipitation followed by centrifugation (12,000 

g, 1.5 h, without brake) increased the concentration detected in the pellet by 3.10-fold relative to the 

similar condition without PEG precipitation (Figure S3-S5), suggests it is possible to increase the yield of 

SARS-CoV-2 RNA in a pellet fraction by increasing the centrifugal force or addition of chemicals to 

facilitate aggregation and precipitation of the solids/colloids. This is achieved through the reduction of 

solvent (i.e., water) availability thereby promoting an environment for organic matter or genetic material 

to be displaced and pelleted more readily (Atha & Ingham, 1981; Poison, 1977). Studies that have 

compared the direct capture of the solids against PEG precipitation followed by centrifugation often have 

different centrifugal conditions and may also first remove solids before PEG precipitation (Kaya et al., 

2022; LaTurner et al., 2021; Pecson et al., 2021). As a result, it is challenging to discern differences 

between the use of PEG precipitation and a solids-only approach as the underlying centrifugation 

conditions can differ. Some studies have noted PEG precipitation followed by centrifugation to be poor 

for enveloped viruses (Kitamura et al., 2021; Ye et al., 2016) while it has also been found to be effective 

(Barril et al., 2021; Kaya et al., 2022). Interestingly, following a low-force solid removal step, PEG 

precipitation has been shown to have a higher recovery of enveloped viruses over ultrafiltration with the 

opposite also being observed (Ahmed et al., 2020; Kaya et al., 2022). By comparing PEG precipitation 

without the removal of solids to a solids-only approach under the same centrifugal condition (12,000 g, 

1.5 h, no brake), it is clear that PEG precipitation improves overall SARS-CoV-2 RNA recovery. 
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Moreover, under the conditions of this study, PEG precipitation had a higher recovery of SARS-CoV-2 

RNA over ultrafiltration with the three devices evaluated. During periods of low SARS-CoV-2 

concentration in wastewater, such as the period during VP 2 (Figure 5; Figure S1), use of both fractions 

of wastewater can achieve higher recovery which might allow for more reliable trends since detection 

limit concerns are partially mitigated. 

There is a consensus that SARS-CoV-2 should partition to the solids, assuming the virus is intact, due 

to its enveloped structure (Ahmed et al., 2020; Kitamura et al., 2021) because the lipid bilayer provides 

lipophilic characteristics (Gundy et al., 2008; Schoeman & Fielding, 2019). Using two enveloped viruses, 

MHV and Pseudomonas phage ϕ6, and two non-enveloped viruses, Enterobacteria phage MS2 and T3, 

Ye et al. (2016) showed that seeded enveloped viruses adsorbed to the solid fraction in wastewater in 

greater proportion than the seeded nonenveloped viruses when the solids were removed from the 

wastewater using a centrifugal condition of 30,000 g for 10 min. With this condition, a maximum of 26% 

of the enveloped viruses were determined to adsorb to the solid fraction while nonenveloped viruses were 

estimated to have a maximum of 6% adsorb to solids (Ye et al., 2016). However, adoption of solid-based 

approaches fails to recognize that a major proportion of the viral signal might remain in the liquid phase 

of the wastewater as demonstrated by this study and by others (Chik et al., 2021; Hasing et al., 2021). 

To add to these adsorption considerations, Wellings (1976) noted that viruses are part of the solid 

fraction through both adsorption and being integrally part of the solids (i.e., embedded) and that methods 

often fail to recognize the latter. With the virus embedded in feces or adsorbed to organic matter, it has 

been suggested that this might act as a form of protection from degradation (Gundy et al., 2008; Rahimi et 

al., 2021). It has also been documented that DNA adsorbed to soil colloids and minerals was protected 

from degradation from DNases (Cai et al., 2006). Therefore, it is plausible that RNA in the liquid phase is 

adsorbed to colloidal material and shielded from degradation in wastewater. Thus, ultrafiltration would 

capture the colloidal material along with SARS-CoV-2 RNA and other viruses that might be adsorbed to 

the aforementioned colloidal material. However, clogging or membrane adsorption may be a concern 
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(Ahmed et al., 2020). In summary, it is improbable that the RNA being measured in the wastewater is not 

protected from RNases in the wastewater in some form. 

Correspondingly, this explains why cooled samples can be held for many days, such as the 

wastewater used for VP 3 and DC 1-1 in this study, without a major shift in the SARS-CoV-2 signal 

(Hokajärvi et al., 2021; Islam et al., 2022; Simpson et al., 2021). While partitioning patterns were 

consistent in this study, as measured during different waves of the COVID-19 pandemic (Figure S1), the 

effect of storage conditions on viral partitioning requires further investigation. Furthermore, partitioning 

could be measured over time after a virus has been seeded into a wastewater matrix as previously 

described by Fauvel et al. (2017) using F-specific RNA bacteriophages. Such an approach may elucidate 

the partitioning kinetics of SARS-CoV-2 and other viruses of public health significance in wastewater. 

With this in mind, it would be important to consider the phase separation methodology as that might 

affect how partitioning patterns are measured. 

As previously mentioned, there has been a strong emphasis in the literature on solid-based approaches 

for measuring SARS-CoV-2 RNA in wastewater (Chik et al., 2021; D’Aoust et al., 2021; Graham et al., 

2021; Kim et al., 2022; Kitamura et al., 2021). Commonly, partitioning results are reported on a 

concentration basis (e.g., copies/mL or copies/g) that makes the solid fraction appear more important 

(Graham et al., 2021; Kim et al., 2022) even though the largest portion of the virus might remain in the 

liquid/colloidal phase. Based on the total copies in each phase, it is evident that SARS-CoV-2 exists 

almost equally between the supernatant and pellet fractions under 12,000 g for 1.5 h without a brake. To 

only target and quantify the solid fraction eliminates at least half of the RNA signal if conditions are 

similar to those used by this study. Therefore, this study supports that although SARS-CoV-2 enriches in 

the solid fraction due to a substantially lower solids-to-liquid ratio in the wastewater, a large proportion 

(approximately 50-80%), remains in the supernatant fraction (depending on the conditions). It is likely 

that SARS-CoV-2 RNA is associated with very small particles or colloidal material that does not settle 

during centrifugation. 
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It is still unknown if the SARS-CoV-2 virus remains intact, fragmented, or degraded in wastewater by 

the time it reaches the concentration step in the quantification process (Graham et al., 2021; Hill et al., 

2021; LaTurner et al., 2021). In addition, concentration methods, such as PEG precipitation, might also 

affect the structure of viruses as PEG and NaCl have been documented to degrade the lipid bilayer (Boni 

et al., 1981; Cordova et al., 2003). Based on correlative light fluorescence and electron microscopy, at 

least some intact SARS-CoV-2 virus might exist in wastewater (Belhaouari et al., 2021). Moreover, using 

integrity-based qPCR, it has been suggested that several forms of SARS-CoV-2 could exist in wastewater 

based on experiments that seeded infectious SARS-CoV-2 into wastewater (Wurtzer et al., 2021). 

Although the intact virus might exist in wastewater, it may remain noninfective due to enzymatic 

modifications to the spike protein in the digestive tract before being shed into sewer systems (Robinson et 

al., 2022). It is unlikely that fully intact SARS-CoV-2 virus exists in wastewater, but the RNA might also 

be shielded by ribonucleoprotein complexes (Mondal et al., 2021) and therefore protected from rapid 

degradation in the wastewater. It is therefore likely that a combination of mostly intact and fragmented 

SARS-CoV-2 RNA exists in wastewater that is both adsorbed to and embedded within the solids. 

4.2. Comparisons of Ultrafiltration Devices 

Direct comparison of the three ultrafiltration devices (Amicon Ultra-4, Amicon Ultra-15, and 

Centricon Plus-70) showed that they had different abilities to isolate SARS-CoV-2, PMMoV, and the 

seeded surrogates (229E, MHV) (Figure 7). Supply chain challenges experienced throughout this study 

limited the availability of different devices during the viral partitioning experiments (VP 1 to VP 3) which 

made it necessary to compare their performance directly. Although these devices have been used in other 

methods and compared indirectly as part of interlaboratory studies (Chik et al., 2021; Pecson et al., 2021), 

a direct comparison of all three devices had not been reported previously. However, there have been some 

comparisons between the Amicon Ultra-15 and the Centricon Plus-70 devices. 

Ahmed et al. (2020) compared seeded MHV concentrations using various ultrafiltration brands with 

different membrane sizes: a 30 kDa MWCO Amicon Ultra-15 device and a 10 kDa MWCO Centricon 
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Plus-70 device. The pre-filtration step, which forms the pellet, used a centrifugal force of 4,500 g for 10 

min, which is similar to the Condition A applied in the current study, resulted in a 30% loss of MHV 

when comparing the ultrafiltration devices (Ahmed et al., 2020). Furthermore, depending on the 

ultrafiltration device used, such as the Amicon Ultra-15 or Centricon Plus-70 devices, as well as the 

MWCO of 10 kDa or 100 kDa, and the RNA extraction kit used, Kaya et al. (2022) demonstrated that 

under a 3,400 g spin for 15 min, liquid-based approaches had a 1.7-48.8 percent point increase of the 

enveloped virus, bovine respiratory syncytial virus (BRSV), over a solids-only approach. 

Correspondingly, these data are consistent with the data presented here since SARS-CoV-2, 229E, and 

MHV were primarily in the supernatant fraction under a moderate centrifugal condition (i.e., Condition 

A). 

In contrast to this study, the Amicon Ultra-15 device has been shown to perform better than the 

Centricon Plus-70 (Ahmed et al., 2020; Kaya et al., 2022). With inhibition not present in either study, 

which minimizes concern about co-concentration of inhibitors, the loss could be due to adsorption to the 

membrane due to a greater surface area for the Centricon Plus-70 device (Ahmed et al., 2020; Ikner et al., 

2012; Kaya et al., 2022). However, the design of the Centricon Plus-70 device might have greater RNA 

yields for the studied gene targets over the Amicon devices as it enables the user to capture more of the 

particulate matter when the concentrate cup is inverted to collect the concentrate. Between the two 

experiments that compared ultrafiltration devices (Figure 7), the surrogates (229E, MHV) suggested that 

the Amicon Ultra-15 device underestimated viral RNA compared to the Amicon Ultra-4 and Centricon 

Plus-70 devices. Comparatively, this was in line with what was also observed with SARS-CoV-2 and 

PMMoV. Such as the case with VP 2, this would suggest that the poor recovery for SARS-CoV-2 was in 

part due to the performance of the Amicon Ultra-15 device, as well as it being a period where clinical 

cases and SARS-CoV-2 RNA concentrations in wastewater were already low (Figure S1). With a method 

reliant on the Amicon Ultra-15 device, there is a risk that surveillance data for public health might be 

biased by the poorer performance of the device; at least under the conditions used in this study, since it 
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may estimate less than the actual concentrations of SARS-CoV-2 RNA in wastewater. Overall, there is 

evidence that ultrafiltration devices do not quantify viral RNA equivalently (Figure 7) and great care 

should be taken to thoroughly test and optimize the methods used. 

There are a few limitations to consider when comparing ultrafiltration devices. First, differences in 

membrane size should be tested as the 10 kDa MWCO can clog more readily. Depending on the matrix, 

this could be a factor to deal with when filtering with the devices. Testing different membrane sizes 

against each other would clarify if they can be used interchangeably (i.e., if a MWCO of 10 kDa garners 

comparable results as 30 kDa). For SARS-CoV-2, membranes with pores as small as 10 kDa MWCO 

have performed marginally better than those with a larger MWCO of 100 kDa (Boogaerts et al., 2021). 

However, with BRSV, Kaya et al. (2022) reported that the 100 kDa MWCO performed better than 10 kDa 

MWCO. For the Amicon Ultra-4 device, the surface area to process volume ratio is 0.75 (3 cm
2
:4 mL) 

whereas the Amicon Ultra-15 device has a ratio of 0.51 (7.6 cm
2
:15 mL). With a smaller surface area to 

process volume ratio, there might be an increased tendency to clog and trap RNA associated with 

particles that should otherwise remain in the concentrate. Nonetheless, further testing should be done to 

verify these comparisons for viruses measured in wastewater. 

5. Conclusion 

In conclusion, partitioning of SARS-CoV-2 and related viruses is not constant, but rather a function 

of the concentration method, and therefore more appropriately described as apparent partitioning. RNA of 

SARS-CoV-2 showed an even split between the supernatant and pellet fractions under centrifugal 

conditions that are moderately strong and long (12,000 g, 1.5 h, no brake). The implication of this is that a 

diverse suite of methods can quantify SARS-CoV-2 since it is present in both fractions. Additionally, care 

must be taken when selecting ultrafiltration devices as they are not equivalent and might underestimate 

viral RNA in the supernatant fraction under some conditions. Since PMMoV is morphologically different 

than SARS-CoV-2, and there is a difference in its apparent partitioning, it is recommended that care be 

taken with its use as a normalizer. Accordingly, further research is required to better characterize the 
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partitioning kinetics of SARS-CoV-2 and related viruses in wastewater so methods can continue to be 

developed. Such research would address where these viruses are located in wastewater (i.e., adsorbed, 

embedded, or in solution) and if the viruses are intact, fragmented, or degraded before extracting them. 

The viruses 229E and MHV can be effective surrogates for SARS-CoV-2, although care must be taken to 

consider the apparent partitioning of the surrogates to ensure it aligns more closely with SARS-CoV-2 in 

the selected analytical approach. Another key strength of using surrogates is benchmarking a method’s 

performance and to flag potential inconsistencies. Finally, it is recommended that WBS programs reflect 

on the strengths and limitations of diverse methods to establish a foundation of best practices. 

Understanding the behaviour of viruses and surrogates is critical to the development of robust methods 

and interpretation of results and will help prepare for WBS applications to other emerging infectious 

diseases of concern. 
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Table 1. Collection and extraction dates for the wastewater samples. 

Experiment Contributing 

Proportion
a
 

Reported 

Case Count 

(Total of 

Previous 14 

Days)b
 

Collection 

Date 

Extraction 

Date 

Dominant 

SARS-CoV-2 

Strain
c
 

VP 1-1 

33% Clarkson 

67% GE Booth 

4359 

8502 

Apr. 21, 2021 Apr. 22, 2021 Alpha 

VP 1-2 

50% Clarkson 

50% GE Booth 

3352 

6783 

May 7, 2021 May 10, 2021 Alpha 

VP 2 

50% GE Booth 

25% Clarkson 

25% GE Booth 

886 

396 

865 

Sep. 21, 2021 

Sep. 22, 2021 

Sep. 22, 2021 

Sep. 25, 2021 Delta 

VP 3 

10% Clarkson  

90% Clarkson 

5717 

3058 

Jan. 19, 2022 

Jan. 27, 2022 

Jan. 29, 2022 Omicron 

DC 1-1 100% Kitchener 2597 Dec. 30, 2021 Jan. 8, 2022 Omicron 

DC 1-2 100% Clarkson 5717 Jan. 19, 2022 Jan. 22, 2022 Omicron 

Abbreviations: VP = viral partitioning; DC = ultrafiltration device comparison. 
a
 Proportion of wastewater that was pooled for subsequent sample analysis. 

b
 COVID-19 cases are by episode date as a rolling sum of the previous 14 days and are listed for each 

treatment plant based on the collection date. The data for the reported cases were extracted on 

December 14, 2022, from the Ontario Wastewater Surveillance Data and Visualization Hub which 

was developed by the Ministry of the Environment, Conservation and Parks (MECP) under the WSI 

(MECP 2022). 
c
 Dominant SARS-CoV-2 strain during the collection period was based on proportion throughout Ontario, 

Canada (Public Health Ontario, 2022). 
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Highlights 

 Partitioning of SARS-CoV-2 and PMMoV in wastewater differ and are context dependent 

 A large proportion of viral RNA remains in the supernatant after centrifugation 

 Use of different ultrafiltration devices can affect interpretation of partitioning 

 Under some conditions, MHV and 229E surrogates partition similarly to SARS-CoV-2 
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